In all homogeneous reactions the velocity is determined by the con centration of active or activated molecules which participate in the rate determining step. If the nature and reactivity of such molecules are deter mined it may be said th at the mechanism of the reaction is completely established. W ith one or two exceptions, however, this state of affairs is yet to be reached in chemical kinetics. Polymeric reactions are in this respect even in a less advanced stage of development. As with ordinary chain reactions the expression for the overall velocity contains a t least three characteristic coefficients relating to the three main processes controlling the rate. By a straightforward kinetic analysis, no m atter how accurate and detailed it may be, it is not possible to determine the individual values of such coefficients. In some of the photochemical reactions it has been practicable to find independently the rate of starting of polymerization or the chain length which means in effect th at the ratio of the propagation and termination coefficients may be computed. But there is no way in which the individual value of either of these coefficients may be measured. I t is the purpose of this paper to suggest one method how this general problem in polymerization may be approached.
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(i Communicated by Eric K . Rideal, F.R.S.-Received 26 February 1940) In all homogeneous reactions the velocity is determined by the con centration of active or activated molecules which participate in the rate determining step. If the nature and reactivity of such molecules are deter mined it may be said th at the mechanism of the reaction is completely established. W ith one or two exceptions, however, this state of affairs is yet to be reached in chemical kinetics. Polymeric reactions are in this respect even in a less advanced stage of development. As with ordinary chain reactions the expression for the overall velocity contains a t least three characteristic coefficients relating to the three main processes controlling the rate. By a straightforward kinetic analysis, no m atter how accurate and detailed it may be, it is not possible to determine the individual values of such coefficients. In some of the photochemical reactions it has been practicable to find independently the rate of starting of polymerization or the chain length which means in effect th at the ratio of the propagation and termination coefficients may be computed. But there is no way in which the individual value of either of these coefficients may be measured. I t is the purpose of this paper to suggest one method how this general problem in polymerization may be approached.
In the simplest possible way the velocity of polymerization is given by the equation
R = £ k v(P)(M ),
where P is the active molecule which reacts with the monomer to make the next highest polymer in the series, kp is the corresponding velocity coefficient, and £ means that all possible kinds of P molecules must be taken into account. A first approximation in the study of these reactions thus consists in determining £(P). There are, however, no reactions which P may undergo which could be compared with the polymerization reaction itself in order that the value of (P) may be computed. Thus the method so useful when hydrogen atoms are involved, namely the measurement of the [ 392 ] simultaneous conversion of para-hydrogen, cannot be employed. The value of (P) may, however, be defined in another way, namely
where r is the mean lifetime of (P) and is the rate of production. If this latter quantity can be determined then (P) may be computed if some method of measuring r is available. d(P)/dt is not easy to determine, but in some sufficiently simple photo-polymerizations in the gas phase its value may be calculated from the number of quanta absorbed by the system and the efficiency of the primary process in starting off polymerization. As in many photo-reactions the lifetime of the active species is too short to attem pt to measure r directly by observing the rate of polymerization when the light or source of primary activation is suddenly removed. A method of integrating a large number of such decay periods can be devised if a rotating sector is interposed between reaction vessel and source of light. This in itself is not sufficient. B ut if the decrease in the value of the concentration of P is due to reaction involving two P molecules, as, for example, in the combination of free radicals, then it can easily be shown th at the velocity of polymerization will depend on the sector speed. A transition between two extreme velocities (in which the ratio is ^2 : 1) occurs within a comparatively small speed interval which gives almost directly the lifetime of P (Melville 1937) . This method has of course the disability th at it will only work provided P disappears at a rate proportional to (P)2. Another disadvantage of the rotating sector method is th at it is confined to a comparatively limited range of measurements, ca. 10-4 to 10-1sec. The former limit is obviously fixed by mechanical considerations but in any case such short lived mole cules are rarely encountered in kinetics. The upper limit is not so seriously handicapped.
E xperimental
The following method has therefore been devised to extend the technique and provide a complementary means of determining lifetimes of short-lived activated molecules. Suppose again th at the active molecules disappear by mutual reaction, then, if two beams of light of equal intensity separated by a considerable distance are admitted to a reaction vessel, the velocity of the reaction when the two are switched on simultaneously will be equal to the sum of the two when each is operating separately. If, however, the beams are superimposed the rate will, in virtue of the fact that it varies with the square root of the intensity, only be ^/2 times of that due to each beam acting individually. As the distance between the beams is increased there will thus be a gradual increase in velocity to *J2 times the superimposed value. The distance at which the rate will possess an intermediate value of * wiU therefore be some measure of the distance which the active poly mers diffuse in space, which in turn is connected with their mean lifetime.
That such an efFect -can actually be observed may be demonstrated most conveniently by making use of the photo-polymerization of methyl acrylate in which at pressures of the order of 50 mm. the predominant termination mechanism is by mutual combination of the active polymers. The experi mental arrangement is similar to that used in previous experiments (Mel ville 1938) . In order to get a sufficient intensity of irradiation the optical definition of the beam of light could not unfortunately be made very precise. In this reaction if narrow well-defined beams are employed the chain length becomes sc. long th at mutual interference is observed in vessels as long as the mercury lamp itself, ca. 20 cm., and thus the method cannot then be used.
In front of the rea ction vessel there is placed a sheet of aluminium pierced with squares of 1 cm.2, the distance of the centres apart being 1*35, 3*00 and 7*25 cm. Between the lamp and reaction vessel is a silica tube filled with acetic acid to act as a filter and cylindrical lens. Experiments were then performed by using two apertures at a time. I t is difficult to obtain uni formity of output along the length of the arc, and therefore the following procedure was adopted. Runs were made with each aperture separately and then together. If r j 1, t# 1 an(l ta +b are the respective half-fives of the methyl acrylate under these conditions, then (a) if there is no interference T-1 | ij1 1 between the two beams -= 1, (6) As will be seen from figure 1, where the percentage interference is plotted as a function of distance, there is a transition about 2*4 cm. The next pro blem is to consider what relationship this mid-point and therefore diffusion time bears to the mean lifetime of the active polymer.
.5 eo distance in cm. 
The corresponding case for the interaction of hydrogen atoms
The only way in which to obtain a check on this interference method is to take a system in which all the various factors are known such as difFusion coefficients, probability of combination, mean lifetime, and attem pt to calculate the mean lifetime by the two independent methods. The only system which is at all suitable for this purpose concerns the production and removal of hydrogen atoms in an atmosphere of molecular hydrogen. In order to get conditions somewhat similar to those existing in photo-poly merization it will be supposed th at hydrogen atoms are produced by the mercury-sensitized decomposition of hydrogen molecules. The light is sup posed to enter the system in beams of which the width is considerably smaller than the interference distance. I t will also be assumed th a t the hydrogen atoms so generated are in thermal equilibrium with hydrogen molecules. This will not be so when the atoms are first produced, since the excitation of the mercury atom is 19 kcal. greater than the dissociation energy of hydrogen. But in any system in which a large number of binary collisions occur before the atom or radical reacts any such excess will soon be dissipated. Actually in this method to be described this factor will simply have the effect of increasing the effective width of the beams of light entering the reaction vessel.
The first question to be considered is how it is possible to construct a distribution curve of the hydrogen atom pressure spreading from a zone where the hydrogen atom pressure is assumed to be 10-3 mm. This latter value is chosen because it is about the maximum easily obtainable by photo chemical methods. I t also gives atoms a reasonable chance of combining in ternary collisions. The method of obtaining the form of the distribution curve is not quite a straightforward problem in diffusion, for the atoms recombine in ternary collisions and also a t the walls of the reaction vessel. The ratio of the velocity of these two reactions varies with hydrogen atom concentration, and hence it is most convenient to divide the reaction vessel into a number of finite zones and calculate what happens in each zone. In this way the necessary differential equations may be constructed. This method of finite zones is employed, since if the theory is subsequently extended to deal with polymerization in which allowance must be made for the increasing size, mass and reactivity of the active polymers, the simple mathematical solution given later for the hydrogen problem may not be applicable. In order to obtain the distribution curve of the hydrogen atom pressure the following figures were employed: Total pressure of hydrogen 760 mm. Temperature 0° C. Initial pressure of hydrogen atoms 10~3 mm. Probability of three-body collision 1/1000 of a two-body collision. Number of binary collisions per sec. at N.T.P. 1*5 x 1010. Diffusion coefficient for hydrogen atoms in hydrogen molecules at N.T.P. = 1 cm.2/sec. Consider a zone Ax cm. thick next to the initial zone and let the pressure of hydrogen atoms be p 0 (10-3 mm.). In travelling this distance Ax the time taken by th hydrogen atom is Ax2/2D -A x 2 / 2 sec. In 1-5 x 1010 Ax2/2 binary collisions with H 2 and H. Hence with hydrogen atoms alone a t a pressure p 0 it has suffered Ax2/ collisions. The number of ternary collisions will be 10-3 of this. However, once one ternary collision occurs the two hydrogen atoms become a hydrogen molecule, and thus the number of ternary collisions is actually the prob ability th at two hydrogen atoms will combine in travelling the distance Ax. Therefore the probability of a ternary collision of two hydrogen atoms a t p 0 with another particle in travelling a distance Ax through hydrogen at 760 mm. is equal to HP ~ = * 10s-If this is the probability of a ternary collision then it is a measure of the decrease of the pressure p 0 and the actual decrease is equal to 9-8684 x Ax*Pq.
Therefore after traversing the distance Ax the pressure of hydrogen atoms now remaining = p 0-9-8684 x 103 Ax2p i Putting 9-8684 x 103 = X const the p re ssu re s a t the end of distanced# = (1 -Now considering the second zone of thickness Ax the time required to traverse this distance is (2da?)2 -(Ax) _ 3Ax and. in general the time required to traverse the nth zone of thickness Ax is { n A x f -_( nlA in the second zone will be p 2 as given above, and so the probability of a ternary collision in this zone will be K and similarly the pressure p 3 at the end of this distance will be (1 -In general, therefore, the pressure in any zone n will be given by [1 -(2n-1) K pn_xAx2]pn_x, where K = 9-8684 x 103, p n_x is the pressure in the previous zon is the thickness of the zone, or
Since nA x -x, then in the limit
This equation is only valid provided combination occurs exclusively in the gas phase.*
Correction for wall combination
The above calculations, however, refer to an ideal system rarely met with in practice, since the walls of the vessel afford a means of recombination, and indeed if hydrogen atoms combine exclusively at the walls then the * The authors thank Dr N. B. Slater for helpful discussions in connexion with these diffusion problems.
hydrogen pressure would vary as the first power of the intensity. This again is an extreme case and only observed at very low hydrogen atom and hydrogen molecule pressures. In a typical practical case where the hydrogen atom pressure is of the order of 10-3 mm. the exponent lies between these two extremes. In a similar reaction involving deuterium atoms (Melville and Bolland 1937) the concentration was 1*04 xlO -10 g. mol. cm.-3 or 1*77 x 10-3 mm., where the intensity exponent for the rate of production of deuterium atoms-as measured by the rate of an exchange reactionwas 0-64. This means th at recombination of deuterium atoms took place both in the gas and a t the walls of the vessel. From this it is possible to derive an expression P = (1 -x)/x relating the fraction P of deuterium atoms recombining in the gas phase with the intensity exponent indicated above. When the exponent is a half = 1, and recombination occurs exclusively in the gaseous phase, while if the exponent rises to unity 0, and recombination occurs a t the walls exclusively. Further, a relation may be derived between P , x and (D) giving
where k4 and k& are wall-combination and gas-combination coefficients respectively, i.e. fc4( l -
From the practical values for (D) and x given above a value for K is obtained and so a relation between concentration of deuterium atoms and x and thus P is obtained, i.e.
where (D) is expressed in mm. This equation thus gives the relation between the fraction of atoms combining in the gas phase and the pressure of deuterium atoms and therefore may be used for the present calculations with hydrogen atoms. I t is seen that when the hydrogen atom pressure is high P tends to unity, that is, combination occurs mostly in the gas; while if (H) is small P = 0 and recombination occurs at the walls. In the above * The constant in this equation is of course dependent wholly on the experimental conditions and the value taken here is merely an actual illustrative example. This, however, as will be seen later, does not alter the conclusions derived from subsequent calculations.
calculations the probability of recombination in the gaseous phase was worked out. To this probability must now be added the probability of combination a t the walls. I t is clear th a t if the probability of combination in the gas in a certain zone is x then the probability of com walls in th at same zone is ---p--, and so the total probability of com bination in th at zone is
Hence the pressure in any zone is now given by
On rearranging this equation
= -2 nKAx(c + Ax
where c = 1*379 x 10~3 mm.
When A x ->0 the second term can be neglected, and therefore putting
The value of pa s a function of x is shown in table 2. In order to demon strate the efficacy of the method of using the zone technique the results obtained by this method are also given in table 2. The procedure here con sisted in finding the pressures at different distances from the origin, using zones of different thicknesses and calculating each pressure by using the value found for the pressure in the previous zone. The pressure at a given distance from the origin is then plotted against thickness of the zone and the curve so obtained extrapolated to zero zone thickness. The accuracy of the extrapolation is shown by a typical curve in figure 2 for a distance 1*5 mm. from the origin. At 3-5 mm. it can be seen th at the extrapolation becomes uncertain because of the increasing differences between the pressures calculated with different zone thicknesses. This is due to the fact th at the pressure for any zone thickness is obtained by using the pressure in the previous zone and not the " tru e " extrapolated pressure. I t is neces sary therefore to use the " tru e " extrapolated pressure for 3-5 mm., namely, 1*1870 x 10~4 mm., as the previous pressure for all zones in calculating the pressure in the next zone. The pressure now is getting small and so there is no need to use ys mm. zones. The agreement between the figures in columns 6 and 7 is so good th at the use of the zone technique is fully justified. The hydrogen atom pressure distribution curve is shown in figure 3 .
The interference between two zones containing hydrogen atoms
The problem now is to employ this distribution curve for one slit so as to obtain the overall concentration of hydrogen atoms in a system with two slits at varying distances apart. Reverting once more to the ideal case where there is no wall recombination and an intensity exponent of 6*5, it is seen that with two slits superimposed the total hydrogen atom concentration will be times th at with one slit, while when the slits are far apart it will be twice. This result is to be expected and can actually be obtained graphi cally employing a distribution curve for one slit in the following manner.
Let A B C (figure 4) be the distribution curve for a single slit. If now two slits are superimposed, the pressure at the origin will times th at for one slit, i.e. OG. Taking the value of the pressure OB as unity, a curve FGH can be thickness of zone in mm. constructed by doubling the ordinates of the curve A B C and taking the square root. When the slits are far apart then the ordinates of A B C are not now doubled but their square root is taken and so the curve D B E is obtained and also a similar one at a great distance away. The total hydrogen atom concentration is represented by the area under these derived curves and, since the ratio of any ordinate of FGH, for example XZ, to the corresponding distance from origin ordinate Y Z of D BE is *J(2WZ)I<J( WZ), i.e. *J2, it follows that the area under FGH (slits together) to the area under two D BE curves (slits far apart) is *j2/2 as required. What the above procedure involves is the addition of the ordinates of two superimposed ABC curves at different distances apart and then taking the square root of the result and deriving new curves of the type FOH and D B E which are the extreme cases. The relative area under these new derived curves will then give the relative hydrogen atom concentrations and if the same procedure is adopted for different distances apart of the slits a curve like the one given in figure 5 is obtained. The distance d, where the ratio of the areas is (^2 + 1)/2, may be taken as the distance traversed in the mean lifetime or at least it is a function of this distance. The problem is next to extend this treatment to the practical case where the exponent varies with hydrogen atom pressure and to find how the distance d as defined above is related to the same distance derived in another way to be detailed later.
The extension of the above treatment to the distribution curve already obtained consists in superimposing two such curves with their centres at different distances apart-corresponding to different distances apart of the slits-and adding the ordinates. From this new pressure the corre sponding exponent could be found from a curve built up from the equation (H) = 1-379 x 10-3 (2s~ l j m m,Hg' which connects hydrogen atom pressure and exponent. The figure found for the sum of ordinates was raised to the power of the exponent and then this new figure formed one point on the new derived curve. Many such curves were constructed (figure 6) and illustrative data for the conditions when the slits are 6 mm. apart are given in table 3. The areas under these curves are obtained by a planimeter and the ratio of these several areas to the area with the slits superimposed is plotted against the distance between the slits. The result is shown in figure 7 , where the mid-point is seen to lie at a separation of 3 mm.
This distance x is related to the lifetime r of the hydrogen atom by the equation z2 = 2 Dr and can be obtained in another way from the hydrogen atom distribution curve. It is therefore now necessary to see what relation ship exists between these lifetimes so defined. In the normal way the mean life of the hydrogen atom is defined by the equation
where (H) is the total hydrogen atom concentration and d(H.)/dt is the rate of production of atoms. This latter quantity would be equal to ^(H )2 (H2) if all the atoms combined in the gas. kt has the value 13 x 1015 cm.6 sec. Table 4 gives the significant data for these calculations.
Application op hydrogen atom calculations to polymerization
The calculations concerning the methyl acrylate reaction can now be completed. W ith the slits 1 and 2 in operation 1*7 x 1017 mol. polymerize per second in a volume of 100 c.c., the number of quanta absorbed being 3 x 1015 per sec. But since the efficiency of the primary process is 0*3, the chain length is about 170. The average molecular weight may therefore be taken as 85 x 86 = 7300. Nothing is known about the diffusion coefficients of molecules of this size, but since the dimensions of such molecules are smaller than their mean free paths the ordinary diffusion theory will be applicable. In computing the diffusion coefficient it has been assumed th at the shape of the molecule in the gas phase is spherical. The diffusion coefficient of methyl acrylate itself at 40 mm. is by analogy with molecules of similar mass and dimensions computed to be 1*9 cm.2 sec.-1. The mean diffusion coefficient of the polymer may therefore be taken as {WyfW^ times this quantity, where Wx and W2 are the molecular weights of monomer and poly mer respectively since the reduced mass factor in the diffusion equation is not much affected by molecular size. The diffusion coefficient of the polymer through the monomer is thus 0*21 cm.2 sec.-1. Making use of the fact, estab lished for hydrogen atoms, th at the mean life is given by a diffusion distance of half th at fixed by the mid-point in the interference curve yields a mean lifetime for the polymer of 1*8 sec. Since the chain length is 170 the average time between fruitful collisions with monomer will be M x 10-2 sec. Assuming th at a methyl acrylate molecule would make 5 x 108 x 1-1 x 10-2 = 5 x 106 collisions in this period then on account of its greater diameter a polymer molecule will make {W2jW^ or about 9 times as many collisions, i.e. 4-5 x 107. The mean energy of activation for growth of the methyl acrylate molecules is 4000 cal. For a normal bimolecular reaction the collision efficiency would be exp ( -4000/-RT) or 1-5 x lO -3. The steric factor is thus 1*7 x 10-5. Thus it will be seen th a t in a chain polymerization the steric factor is of a similar order of magnitude to those obtained in Hence (P) = 1 x 10-7g.mol. c.c.-1 or 2 mm.
The above-described method is not necessarily restricted to those reac tions in which mutual interference occurs between active polymers. If the distribution of polymer concentration in the unilluminated zone can be measured then the mean life of the active species may be calculated. The measurement of the amount of polymer deposited is a possible method of finding the relative values of the active molecule concentration and has been tentatively employed in working out the mechanism of the mercury sensitized polymerization of acetylene (Melville 1936) . At high pressures, however, this technique, and any similar one involving the measurement of the amount of dead polymer formed, fails for, on account of the exothermic character of polymerization, convection currents soon upset any regular distribution of solid polymer in space.
then depends on the distance between the two sources. The exact theory of the method has been worked out for hydrogen atoms. The results obtained from this investigation are applied to the methyl acrylate reaction. This result is then further employed along with previous data to compute the absolute value of the reaction velocity coefficient between active polymer molecules and monomer.
